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ABSTRACT

Wind-driven rain is an important consideration in the hygro-
thermal performance of a building envelope. To date, very little
work is available that provides field or laboratory wind-driven
rain data to be used with moisture transport models. This
information is a definile requirement as a boundary condition
by the more sophisticated hygrothermal models before one can
predict the hygrothermal performance of a building envelope.
In this paper, the wind-driven rain striking the exterior
facade of a high-rise building is generated using a three-
diniensional computational fluid dynamics (CFD) model that
solves the airflow and particle tracking of the rain droplets
around the building. One sef of simulations was done using
turbulence and velocity profiles for a building located in a sub-
urban, open-country area. Four factors that govern wind-
driven rain are investigated in Hiis work: (a) upstream unob-
structed wind conditions, (b) rainfall intensity, (c) probability
distribution of raindrop sizes, and (d) local flow patterns

around the building. These factors make wind-driven rain ona
building facade very distinct. Simulations were carried out for
three wind speeds of 5, 10, and 25 m/s; three rainfall intensi-
ties of 10, 25, and 50 mm/h; and one wind direction 0°, from
the west face of the building. Nine simulations were conducted
for the selected high-rise building.

The results show distinct wetting patterns on the top of
the building that are parabolic in shape when the wind orien-
tation is normal to the exterior facade surface. Indeed, fwice
the rain intensity is present at the upper top location of the
high-rise building than the lower portion when a wind speed
of 25 m/s is used. Wind speed was found to be the most criti-
cal factor influencing the amount of rain striking the exterior
facade of the building. Results from these simulations are
presented that demonstrate the effect of wind conditions and
rain intensities on the wetting patterns on all wall building
faces.

INTRODUCTION

In the past, building designers concentrated on mak-
ing buildings more energy efficient and airtight. Hygro-
thermat performance and durability were not addressed
properly, leading in some instances to major moisture-
induced damage.

Durability of a building envelope system essentially
depends on how the system responds to different exter-
nal and internal environmental changes, such as pres-
sure, sound, vibration, temperature, and moisture, In the
interior, moisture can be generated by various sources
and generally follows both daily and seasonal cycles, The
exterior surface (facade) is constantly interacting with the
ambient temperature, solar radiation, wind pressure, rel-
ative humidity, and wind-driven rain. Wind-driven rain
is defined here as rain droplets carried along by wind
having a characteristic angle with respect to the vertical.
This paper presents results on wind-driven rain on a
high-rise building's envelope performance.

Recently, a few sophisticated heat-air-moisture trans-
port models (Karagiozis 1993; Salonvaara 1994; Pedersen
1990; Kief1 1991) have appeared to predict the long-term

hygrothermal behavior of building envelope systems.
These models, to varying degrees of complexity, can han-
dle vapor and liquid transport, crack flows, latent heat
effects, and wind-driven rain. In a companion paper by
Salonvaara and Karagiozis (1995}, wind-driven rain was
determined to be an important contributor to the total
amount of moisture entering the structure. The instanta-
neous amount of moisture accumulation within the
structure was found to increase threefold or more
depending on the specific topographical location of the
building. In these situations, where moisture accumu-
lates at rather high levels, structural deterioration due to
freeze-thaw cycles may occur. Wind-driven rain entering
the facade of the structure accelerates the normal deterio-
ration process and therefore reduces the service life of the
building. Therefore, any short-term or long-term hygro-
thermatl study on building envelopes requires the accu-
rate prescription of wind-driven rain information as
boundary condition inputs, especially when these stud-
ies lead to design guidelines. Wind-driven rain is a com-
plex phenomenon itself, relatively unresearched and still
not fully understood. Rain droplets with a wide range of
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sizes are transported by wind that has a distinct three-
dimensional behavior near buildings. The trajectory of
the droplets is time dependent due to the effect of turbu-
lence. Furthermore, rain droplet size distributions vary
randomly with respect to time and space. For these rea-
sons, the amount of rain striking the exterior surfaces of a
building is unique to that building, as it depends on the
local geometry of the building, topography around the
building, wind speed, wind direction, rain intensity, and
rain droplet distribution.

Knowledge available on wind-driven rain, albeit lim-
ited, has been predominantly determined by field experi-
ments (Lacy 1951, 1965; Schwarz and Frank 1973; Hens
and Mohamed 1994). Recently, however, investigations
employing computational fluid dynamics (CFD) meth-
ods (Choi 1991, 1992; Wisse 1994) have appeared. Lacy
(1965}, a pioneer in the area of wind-driven rain, carried
out extensive on-site measurements, and recenily the
British Code of Practice (BCP) (BSI 1992) presented an
updated estimate method for driving rain. Wisse (1994)
critically evaluated the assumptions involved in the esti-
mate method of the BCP, compared it to measurements
of Schwarz and Frank (1973), and found major disagree-
ment. Wisse (1994) also predicted rain wetting patterns
using a two-dimensional CFD approach. Hens and
Mohamed (1994) experimentally measured driving rain
striking a two-story school and compared it to driving
rain calculation methods and found that the simplified
theory approach (modification of BCP) overestimated
the amount of driving rain by 25%. Choi presented two-
(Choi 1992) and three-dimensional {Choi 1991) CFD
results on wind-driven rain conditions and determined
several rain intensity factors for stand-alone buildings. In
these studies, however, a turbulent particle-tracking
method for modeling rain droplet trajectories was not
used. Furthermore, the flow and rain droplets were not
fully coupled. This uncoupling between air and rain
droplets may become critical at very high rain intensities.
Preliminary laboratory investigations using wind tunne}
methods have been performed by Surry et al. (1994), The
authors showed higher wind-driven rain striking at the
upper parts of the building model, thus confirming some
of the previous field and computational results. High-
rise buildings are exposed to harsher environmental con-
ditions than those for low-rise buildings. The present
study numerically examines wind-driven rain hitting the
exterior surface of a stand-alone high-rise building, The
influence of wind speed and rain intensity on the
amount of rain striking the exterior surfaces of a high-
rise building was investigated.

WIND-DRIVEN RAIN

Wind-driven-rain, as discussed above, is strongly
affected by the local wind around a building. Rain drop-
lets, in the absence of wind, fall down vertically under
the influence of gravity. This would imply that the

400

amount of rain hitting the walls of a building in the
absence of wind will be theoretically zero. Near the
vicinity of a building, raindrop trajectories are affected
not only by the unobstructed wind flow but also by the
particular flow distribution surrounding the building.
Listed below are some of the important governing fac-
tors for the problem of wind-driven rain (Choi 1991):

¢ the upstream wind conditions, including the unob-
structed wind velocity profile, turbulence intensity
profile, and turbulence eddy length scale, as well as
the ground surface roughness height;

¢ the local flow pattern around the building, which is
related to the upstream wind conditions, the sur-
face roughness of the building, the geometrical con-
figuration of the building, and the surrounding
conditions of the building;

» rainfall intensity; and

e the size distribution of the raindrops.

It is evident that each high-rise building will have its

own distinct wetting pattern during a rainstorm. This
implies that the present results on wind-driven rain
depend on the local weather conditions and building
geometry.

MODELING METHOD
Wind Flow Around the Bulldings

The prediction of wind-driven rain distribution on
high-rise buildings requires the determination of the
local three-dimensional time-averaged velocities, veloc-
ity fluctuations, and the time-averaged pressures. The
flow field around a bluff body, even for a simple cube, is
very complicated. It includes a turbulent boundary
layer, stagnation region, separation, reattachment, circu-
lation, and von Karman'’s vortex sheets. The equations
governing wind flow around buildings are the incom-
pressible Navier-Stokes equations and the continuity
equation. Closure to these equations is provided by vari-
ous turbulence models, including the k-e two-equation
model, the algebraic second-moment closure model
(ASM), and the large eddy simulation. Specific details
about these models can be found in Rodi (1981}, Laun-
der and Spalding (1974), and Murakami (1992). The k-¢
model is one of the most commonly used models in the
field of wind engineering, and it has been adopted for
this study.

Governing Equations for Turbulent Flow For in-
compressible turbulent flows, with the assumption that
density fluctuations can be neglected, the mean form of
the conservative equations of mass, momentum, and
energy (¥;) can be written as follows:

Conservation of mass:

3
a—%(pu,-) =0 @
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Conservation of momentum:

d 0
Y (pr;) + a} (pujui)

P 9 — )
= _B—x,_axj (T +pu )+ Su'
where
#; = velocities in the x; directions,
p = density of the fluid,
P = static pressure,
T = viscous stress tensor, and
Sy, = additional source terms.

All these variables are mean flow quantities (time aver-
aging) and u;' represents the fluctuating part.

The term pu‘,.T'j, which appears in the momentum
equation (Equation 2}, is defined as the turbulent Rey-
nolds stresses. These terms are not expressible in terms
of the mean flow variables; therefore, they must be re-
lated to known quantities via a turbulence model before
solving the above equations. The k- model employed in
this study is described below. Local values of the turbu-
lent kinetic energy, k, and its dissipation rate € are ob-
tained from the solution of the following semi-empirical

equations:

Dk 9 ok
Pp; = 3}"}(]",(5%)+Pk~ps (3)
Dg 0 dey £
Pp; = a—‘l}(lﬁea‘—tj)+}é(c£1Pk—cszps) 4)
where
k=uus2 = turbulent kinetic energy,
I, T = diffusion coefficients, and

I Fk=l-’-+l-l¢/()‘k,l"e;g+m/oy
P = —pwiu'jau!/axj = production of k,
£ = % (ow'y/ ax'j)z = dissipation of k,

IR = turbulent eddy viscosity,
il = molecular viscosity, and

turbulence model constants are listed as

Cel =1.44,

Cen =1.92,

O = 1.0,

O =13,

Cu =0.09, and
Pr, =09,

For this study the CFD code TASCflow (ASC 1993) was
used.

RAIN DROPLET MODELING

In this section, information is presented regarding
the size distribution of rain droplets, followed by a dis-
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cussion of the three-dimensional Lagrangian turbulent
particle-tracking method employed.

$Slze Distribution of Raindrops

Calculation of the amount of rainfall impinging on
the building facades requires knowledge of the size dis-
tribution of raindrops in a particular storm. Best (1950)
carried out an extensive experimental study of rain
droplet size distributions and their relationship with
rainfall intensity. The results of his study can be summa-
rized by the following simple correlation:

F(dy = 1-exp[-d/a]" ®
a=Al" (6)
w=cr (7}

where F is the fraction of liquid water in the air com-
posed of drops with a diameter less than 4, I is the rate
or intensity of rainfall, and W is the amount of liquid
water per unit volume of air. 4, ¢, p, r, and n are con-
stants. If d is measured in mm, [ in mm/h, and W in
mm?3/ m3, the mean values of A4, ¢, p, 7, and n are 1.30, 67,
0.232, 0.846, and 2.25, respectively.

Rain Trajectories Using the Lagranglan
Particle-Tracking Method

Many engineering problems, such as wind-driven
rain, involve the study of mixtures containing a continu-
ous phase that exhibits fluid properties and a dispersed
phase that is discretely distributed in the fluid. With the
dispersed phase, there is no continuum, the phase can
be considered as a set of individual discrete rain droplet
particles, and each particle interacts with the fluid and
other particles discretely. A Lagrangian tracking model
can be used to predict the behavior of the dispersed
phase. The Lagrangian tracking method tracks several
individual rain droplets through the flow field and
involves the integration of particle paths through the
discretized domain. Individual rain droplets are tracked
from their injection point until they escape the domain
or some integration limit criterion is met. The rain drop-
lets are assumed to have a spherical shape and their
density is much greater than the air fluid density. The
goveming equation of motion for rain droplets, employ-
ing the above assumptions, can be written as

3npd

nd du

?Ttp = “(E(uf—up) +F, ®
where d is the rain droplet diameter, 1 is the velocity,
and F, is an external potential force. The subscript f
refers to the fluid and the subscript p refers to the rain
droplet. For a moderate rain droplet, the Reynolds num-
ber 0.01 < Rep < 260, the drag correction, introduced to
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account for experimental results on viscous drag of a
solid sphere, is

0.82 - 0.05q

c 1+0.1315 (Re)

cor

Hi

Re, <20 (9

1+0.1935 (Re,) "™ Re,>20 (10)

where a = log Re, and the particle Reynolds number is
calculated from

d
Re, = pj{u)r uplp_l.' (11)

BUILDING STRUCTURES AND
COMPUTATIONAL DOMAIN

In this study, a high-rise building located in an area
sparsely populated by low-rise buildings is considered.
This building will be referred to as the open-country case
and is shown in Figure la. The width of the high-rise
building, defined as h, is used as the measuring unit for the
geometry of the domain. The simulation domain, with a
downstream length of 16 k, an upstream length of 16 1, 2
lateral width of 4 h on each side, and a vertical height of 10
It was discretized. The computational domain was ex-
tended far before and after the building structure to ac-
commodate far-field effects. To avoid using a highly
nonuniform spacing grid system, grid embedding close to
the high-rise building was employed. For the open-coun-
try case, a building model of 1 X2 X 1 /i was used with 81
X 31 %31 control volumes in the grid embedding zone and
36 %11 X 10 control volumes outside the embedding zone
inthex, y,and z directions, respectively. Figure 1b displays
the part of the overall grid in both the x-y and x-z planes.

BOUNDARY CONDITIONS
Upsiream Boundary

Wind velocity and turbulence intensity profiles for
the upstream inlet were assigned values as given by
Baskaran (1992), suburban open-country conditions.
Upper Faces of the Computational Domain

The upper faces of the computational domain are
defined as a slip-wall with zero shear stresses.
Downstream Boundary and Side Faces
of the Computational Domain

These boundaries are set to be pressure-specified
openings. Pressures outside the boundaries were as-
sumed to be zero.

High-Rise Wali Boundary

The building’s walls and ground are assumed to be
rough surfaces. For the high-rise walls and ground, an
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equivalent sand-grain roughness height of 0.1 m and
0.03 m, respectively, are used in the simulations.

Rain Droplet Tracking

In this study, the rain droplets are divided into a
number of groups according to their size. A maximum
of 18 groups, depending on the rain intensity, with ap-
proximately 3,000 droplets in each group, were injected
from different planes of the domain. The droplet termi-

1_%
::* | z

—————
h=15m {width)

Figure la Geomeiry for the open country high-rise

buitding.
RN

ﬁ i

X-Y Plone
1
]
—

L
X-Z Plone

Figure 1b Grid geometry for the open country high-
rise bullding.
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nal velocities and the mass flow rate for each group
were defined prior to the simulations at the injection
joints.

SIMULATION CASES

In this study, the water mass flow distributions due to
wind-driven rainwater on the four walls of the high-rise
building were computed for three different wind speeds,
one wind angle, and three rain intensities as follows:

* wind speed (at gradient height): 5 m/s, 10 m/s, 25
m/s;

* wind directions (with respect to west): 0°; and

» rain intensities: 10 mm/h, 25 mm/h, 50 mm/h.

The rain intensities that were chosen are representative
of the rain patterns found in most of the habitable areas
of Canada.

DISCUSSION OF RESULTS

In Figure 2, wind velocity distributions are displayed
around the high-rise building. The velocity field at the
center (X-Y) plane of the building is shown for a gradient
height velocity of 5 m/s. The flow around the high-rise
building clearly indicates that high-velocity gradients
surround the building, Furthermore, since rain droplets
are dispersed in the continuous air phase, the local accel-

Figure 2 Open couniry velocity distriibution for the
symmetiic X-Y plane using a gradient height
velocity of 8 m/s.

Figure 3a Trgjectorles for the 0.6 mm diameter rain
droplets at 5 m/s gradient height wind speed
{open counly case).
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eration and deceleration create rapidly changing trans-
port forces on each rain droplet. Figures 3a and 3b show
a limited number of wind-driven rain trajectories at two
different rain droplet diameters of 0.5 and 5.0 mm. Trajec-
tory results are shown for the same X-Y plane as the one
used for the velocity distributions. While the figures
depict trajectories with fairly straight lines, in a three-
dimensional presentation this is far from true. The influ-
ence of droplet diameter size on wetting behavior due to
wind-driven rain is demonstrated to be very important.
These figures, at the gradient height velocity of 5 m/s,
show that the velocity field has a greater influence on the
droplet trajectories for small-diameter particles than for
droplets of much larger (5.0 mm) diameters. For the 5.0-
mm-diameter rain droplet sizes, the droplet trajectories
become more parallel to each other. In Figure 4, the rain
droplet trajectories are shown for all droplet sizes for a
wind speed of 25 m/s. Here the additional influence of
higher wind speeds is clearly demonstrated. Figure 5
shows the effect of wall orientation (west-, east-, and
north-facing) on the amount of rain each wall receives
when employing a rain intensity of 10 mm/h and a wind
speed of 10 m/s. The south wall receives a similar
amount of rain as the north wall but is not shown here.

The ratio Iwall/Irain is defined here as the intensity
of rain that strikes the wall over the normal rainfall
intensity. A distinct vertical wetting pattern of distribu-
tion from the bottom to the top of the building is
present. The west face, which is normal to the wind
speed, receives more wind-driven rain, and the upper
top area of the building receives the highest amount of
rain for all faces. Irregularities in the trend, as we move
from the bottom of the building to the top, are due to the
randomness of the turbulent Lagrangian particle-track-
ing method used. Figure 6 shows the rain intensity fac-
tors (Twall/ Irain) as a function of rain intensities of 10, 25,
and 50 mm/h for a west-facing wall. Results indicate
that rain intensity has a minor effect on the wind-driven
rain distribution as a function of height. Finally, Figure 7
illustrates the significant effect of wind speed on the rain

Flgure 3b Trgjectories for the 0.5 mm diameter rain
droplets at 5 m/s gradient height wind speed
(open couniry case).
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Figure 4 Three-dimensional trajeciories for rain droplets using a wind velocity of 25 m/s and a rain intensity of 25 mm/h.

WIND DRIVEN RAIN (U=10 m/s)

Rain Intensity 10 mm/hr

lwall/lrain

B WINDWARD (wWEST)
LEEWARD {EAST)
(Isi0E (NoRTH)

L

HEIGHT 30m

Figure 5 Wind-driven rain intensify factors for the
west, east, and north faces of the high-rise
building. using U = 10 my/s, and Irain = 10 mm/h.

WIND DRIVEN RAIN

Wind Speed U=25 m/s

WIND DRIVEN RAIN

WEST (50 mm/hr)
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Flgure 6 Wind-driven rain intensity factors for the
west facing wall as a function of rain intensities,
using U = 25 mys.
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Figure 7 Wind-driven raln infensity factors for the
west facing wall as a funciion of wind speed,
using fraln = 50 mmy/h.

intensity factor Iwall/Irain, again on the west face of the
building using a rain intensity of 256 mm/h.

CONCLUSIONS

A CFD method for predicting the welting patterns
on high-rise structures during wind-driven rain is pre-
sented in this paper. For all cases, the amount of wind-
driven rain striking the building increases from bottom
to top. The results show that the downstream side (east
is the case considered) of the wall receives no rain except
near the top due to the wind-induced recirculation in
that region. This investigation found that at a wind
speed of 25 m/s, the upper top areas of the high-rise
building received twice the horizontal rain intensities.
The results show that the rainfall intensity does not sig-
nificantly affect the wetting pattern of the building
walls. Higher wind speeds, however, were found to sig-
nificantly increase the amount of water received on the
building facade. The higher the wind speed, the higher
the amount of water received.

Information generated using this complex three-
dimensional flow and turbulent particle-tracking ap-
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proach is essential for accurate hygrothermal modeling.
The amount of rain hitting the exterior facades of a
building must be incorporated into hygrothermal mod-
els so as to account for liquid transport at the surfaces.
Indeed, extending the scope of this work with the issue
of water rundown is also important. The analysis of du-
rability issues with respect to the hygrothermal perfor-
mance can only start when models are equipped with
methods of incorporating driving rain.

Future work will focus on considering different wind
speed orientations, building obstructions, and other fac-
tors that influence wind flows around a building with
the objective of developing simple correlations that can
be used in design guidelines. Due to the extremely high
computation time (CPU) requirements and complex
transport mechanisms involved in wind-driven rain, an
international collaborative effort could allow rapid pro-
gress in this area.
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